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the  rotor  since  the  previous  transnieeion;  (ii)  the  xnaber  of  revolutions  of 
the  anemometer  since  the  previous  transmission;  (ill)  the  instantaneous  mag- 
cetic  heading  of  the  busy;  (iv)  the  instantaneous  bearing  of  the  wind  rela- 
tive to  the  hue?.  These  wireless  signals  turn  on  the  sages  tic  tape  recording 
equipment  in  the  land-based  observatory  so  that  the  data  is  available  for 
reduction  in  recorded  form.  The  operation  of  the  receiving  station  is  en- 
tirely automatic  except  for  occasional  changing  of  reels  of  recording  tape. 
The  system  in  use  at  present  works  satisfactorily  over  distances  up  to 
miles.  Rough  weather,  even  of  moderate  gale  force,  does  not  harm  the  buoys. 

Calibration  of  the  rotors  was  carried  out  in  a tidal  channel  on  the  is- 
land. Because  the  buoys  are  free  drifting  they  do  not  measure  the  velocity 
of  the  surface  drift  relative  to  the  ocean  bottom.  They  measure  the  vecto- 
rial difference  of  the  surface  velocity  and  the  velocity  at  the  depth  of 
the  drogue.  The  areas  of  the  can  and  rotor  together  (in  the  surface  water) 
and  of  the  drogue  (in  the  deep  water)  are  nearly  equal  so  that  the  actual 
speed  of  the  vectorial  difference  is  twice  the  speed  past  surface  rotor. 
The  orientation  of  the  buoy  is  determined  by  the  direction  of  the  vectorial 
difference.  In  this  connection  every  effort  has  been  made  to  reduce  the 
area  exposed  to  the  wind.  There  is  a small  deflection  (averaging  10°)  of 
the  orientation  of  the  buoy  from  the  direction  of  the  vectorial  difference 
of  surface  and  deep  velocities,  due  to  Magnus  effect  of  the  rotor.  A cor- 
rection for  this  has  been  made  on  the  basis  of  experiments  eade  in  a tidal 
channel;  and  the  sense  of  rotation  of  the  rotor  was  reversed  in  some  of  the 
later  buoys  in  order  to  eliminate  this  possible  source  of  error  from  the 
data. 
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The  telemetering  Itself  is  done  in  the  following  manner:  the  various 

sensing  elements  operate  variable  electric  resistances,  which  produce  varia- 
ble audio  frequencies  which  in  turn  are  transmitted  as  a modulation  of  the 
radio  frequencies.  It  is  believed  that  adequate  precautions  were  taken  to 
prevent  possible  errors  in  the  telemetering  system.  Messrs.  Robert  0.  Walden 
and  Donald  Farson,  Jr.  collaborated  with  me  in  the  design  and  construction 
of  the  buoys. 

II.  DISCUSSION  OF  DATA 

The  original  data  from  the  buoys,  including  all  cases  where  the  buoys 
were  not  near  to  the  shore  of  the  island,  is  collected  in  Table  I.  Perhaps 
the  most  striking  feature  of  this  data  is  the  considerable  irregularity  of 
the  currents  even  during  days  wbile  the  wind  is  fairly  steady.  In  his  dis- 
cussion of  the  current  nsasurcmcnts  which  he  made  on  board  the  “Araauar 
Hansen"  in  1930,  Ekman  (1953)  has  called  this  irregular  motion  a kind  of 
"macro-turbulence".  As  a result  it  is  difficult  to  extract  from  the  data 
definite  statements  about  such  things  as:  (i)  the  deviation  of  the  surface 

current  from  the  direction  of  the  surface  wind;  and  (ii)  the  ratio  of  cur- 
rent speed  to  the  speed  of  the  wind  producing  it.  Ekman  (1953)  attempted 
to  analyse  his  data  for  "Araauer  Hansen"  anchor  station  D in  order  to  find 
the  answer  to  these  questions  and  to  delineate  the  drift  current  spiral,  as 
a function  of  depth.  Because  of  the  macro- turbulence  the  results  of  his 
analysis  were  disappointingly  indefinite.  The  purpose  of  such  an  analysis, 
of  course,  was  to  verify  in  the  deep  ocean  the  results  of  nis  theory  (1905). 

The  present  buoy  measurements  are  confined  to  the  surface.  They  cover 
a longer  period  than  those  made  on  the  "Armauer  Hansen".  It  is  therefore 
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hopeful  that  certain  feature u of  drift  currents  may  emerge  more  clearly  from 
the  confusion  of  the  macro- turbulence. 

In  order  to  appreciate  hcv  serious  an  obstacle  the  aacro-turbulence  is 
to  a simple  analysis  of  the  data,  an  analysis  can  be  made  of  all  the  wind 
vane  readings  obtained  from  buoys  2,  3,  U and  8 (Table  II).  The  current  di- 
rection correction  due  to  the  Magnus  effect  on  the  rotor  has  been  applied. 

As  can  be  seen,  there  is  a very  large  scatter  of  the  angle  of  deviation  o', 
the  current  from  the  wind;  at  one  time  or  another  every  possible  angle  has 
occurred.  On  the  average,  however,  there  is  a greater  frequency  of  small 
angles  of  deviation  showing  that  usually  a current  does  not  run  against  the 
wind,  moreover,  there  is  a rather  definite  indication  that  currents  to  the 
right  of  the  wind  are  acre  frequent  than  currents  to  the  left  of  the  wind. 

The  soda  of  this  frequency  distribution  lies  at  about  20°  to  the  right  of 
the  wind,  but  it  is  obvious  that  this  type  of  analysis  of  the  data,  including 
as  it  does  all  cases  where  the  winds  were  rapidly  varying,  and  all  cases  with 
pronounced  irregular  motions  or  possible  inertial  oscillations,  gives  at  best 
a very  diffuse  and  indefinite  kind  of  answer  to  question  (i).  Similar  ob- 
jections can  be  raised  to  an  attaapt  to  make  a gross  average  for  determining 
the  ratio  of  current  to  wind  velocity.  A more  rational  approach  is  to  study 
individual  cases  where  the  wind  was  observed  to  be  steady.  Of  course  the 
currents  are  not  exactly  steady  during  the  same  time.  The  question  arises 
as  to  how  long  a time  interval  to  employ  for  the  study  of  individual  cases. 

(l?o<)  indicated  that  after  the  onset  of  a wind  the  average  of  the 
current  for  the  first  21;  hours  (at  30°N)  is  a very  close  approximation  to 
the  theoretical  current  produced  by  a wind  of  Infinite  duration.  Thus,  in 
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attempting  to  find  answers  to  questions  such  as  (i)  and  (ii)  (abore),  2k- 
hour  vectorial  averages  of  wind  and  current  are  forint d for  days  of  steady 
wind.  The  concept  of  a steady  wind  is  subjective. 

The  data  obtained  from  October  28-31  is  a good  sample  of  the  relation 
between  wind  and  currant  as  it  actually  appears  in  nature  (Figure  5).  Dur- 
ing October  28  the  wind  began  to  blow  toward  the  north  and  by  midnight  was 
blowing  about  23  knots;  the  currents,  which  were  at  first  weak  and  variable, 
gradually  veered  to  the  right  of  the  wind  and  grew  stronger.  Early  on 
October  29  the  wind  it sol f veered  until  it  blew  toward  BUS.  The  current 
veered,  too,  and  executed  a rotatory  motion  about  a mean  velocity  about  1)2° 
to  the  right  of  the  wind.  During  the  afternoon  of  October  30,  the  wind 
dropped  rapidly,  and  the  current  began  to  execute  a rotatory  (inertial)  mo- 
tion about  a sero  mean  velocity.  By  October  31,  the  winds  were  light  and 
variable  and  the  motions  of  the  current  were  very  irregular  and  confused. 

i 

All  evidence  of  a simple  2U-hour  inertial  period  was  gone.  During  the  win- 
ter of  1953-1 95U  the  currents  in  the  Northwestern  Sargasso  Sea  are  most 
often  in  a confused  state  such  as  depicted  on  October  31.  It  is  only  dur- 
ing days  of  steady  strong  winds,  and  immediately  following  them,  t.iat  the 
theoretical  features  deduced  by  Ekman  (1905)  are  clearly  defined. 

Table  III  contains  means  of  wind  and  current  for  all  days  during  which 
the  wind  was  steady.  It  was  prepared  for  the  purpose  of  examining  the  data 
from  the  2U-hour  mean  "case  history"  point  of  view. 


in.  THE  ANGLE  BETWEEN  THE  WIND  AND  CURRENT 

Two  independent  ways  of  measuring  the  angle  between  wind  and  current 
are  possible.  The  angle  may  be  determined  by  comparing  the  mean  wind 
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direction  at  the  observatory  with  direction  of  the  current  given  by  the  mag- 
netic  compass  on  the  buoy  (Method  i).  The  angle  may  also  be  determined  di- 
rectly from  the  wind  vane  on  the  buoy,  which  measures  the  instantaneous 
angle  between  wind  and  buoy  orientation  (Method  2).  Although  this  latter 
method  is  direct,  it  is  likely  to  be  more  erratic  due  to  gustiness  of  the 
wind  - the  sampling  of  wind  direction  from  wind  vane  measurements  on  the 
buoy  is  naturally  much  poorer  than  the  continuous  records  available  at  the 
observatory. 

By  both  methods  it  is  seen  that  (in  agreement  with  Ekman,  190$)  the 
current  is  to  the  right  of  the  wind,  by  an  angle  varying  between  30°  and 
60°.  During  weak  winds  there  is  a greater  spread  of  angles,  and  on  the 
average  the  angle  appears  to  be  less  than  for  strong  winds. 
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IV.  THE  RATIO  OF  CURRENT  SHSED  TO  WIND  SPEED 

The  ratios  of  current  speed  to  wind  speed  cited  in  Table  IH  are  about 
twice  what  would  be  expected  from  Ekman1 s study.  When  plotted  on  a loga- 
rithmic scale  (Figure  6)  these  data  give  some  indication  that  the  ratio  is 
not  independent  of  wind  speed.  There  is  enough  scatter  in  the  data  to  pre- 
vent certainty  concerning  this  point.  Ekman  (190$)  discussed  the  case  of 
a "quadratic”  law  of  friction  in  the  sea,  and  showed  that  in  this  case  the 
current  speed  would  be  proportional  to  the  three-halves  power  of  the  wind 
speed  (rather  than  linearly  proportional).  The  very  limited  data  at  hand 
sncrcrests  the  reality  of  this  law  of  friction,  but  of  course  does  not  prove 
it.  The  solid  line  in  Figure  6 depicts  the  linear  law;  the  dashed  line, 
the  three-halves  law. 
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NOTES  ON  TABLE  I 


Buoys  8,  9,  and  lli  were  all  rigged  as  shown  In  Figure  2;  buoys  6 and  7 
were  rigged  with  the  deep  drag  on  a bridle  directly  benoath  the  canj  buoys 
2,  3,  and  h were  rigged  the  sane  as  Figure  2 , but  the  deep  drag  was  replaced 
by  another  rotor  similar  to  that  at  the  surface.  The  depth  of  the  deep  drag, 
of  the  surface  rotor,  and  the  Magnus  correction  applied  in  determining  cur- 


rent  direction  from  the 

rough  data, 

were  as  follows: 

Buoy  No. 

Depth  of 

Depth  of 

Current 

deep  drag 

surface 

direction 

(or  rotor) 

rotor 

correction 

(feet) 

(feet) 

2 

150 

B 

-10° 

3 

200 

8 

-10° 

h 

150 

8 

-10° 

6 

170 

3 

unknown 

7 

120 

8 

-250 

8 

530 

13 

-10° 

9 

150 

8 

+10° 

lb 

300 

10 

+10° 

It  is  probable  that  there  is  a systematic  error  in  all  angles  measured  by 
buoy  6. 

The  notation  "TM*  means  the  B^'Tnuda  Time  (urn’  - U hours)  of  Greenwich 
upper  transit  of  the  moon.  The  anemometers  on  the  buoys  were  so  unreliable 
(due  to  circuit  troubles)  that  all  of  their  data  is  omitted.  Winds  tabu- 
lated are  those  on  a ?Q  foot  mast  at  the  observatory  at  Bermuda.  The  ex- 
posure use  not  ideal,  there  being  several  hills,  and  a large  building  in 
the  neighborhood.  Particularly,  the  anemometer  is  partly  sheltered  from 
west  winds. 

The  notation  "Trans.  Time"  means  the  Bermuda  time  at  which  the  buoy 
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wireless  transmission  was  received.  The  current  direction  is  the  instanta- 
neous magnetic  direction  of  the  surface  current  (vectorial  difference  of 
surface  and  deep)  with  the  above  corrections  applied.  The  current  speed  is 
an  average  for  the  previous  three  hours  (in  the  case  of  buoy  6,  90  minutes). 

The  figures  under  "Wind  Vane"  are  angle  between  the  geographical  orien- 
tation of  the  buoy  and  the  wind  direction  measured  by  the  vane  on  the  buoy. 
Thus  an  angle  of  000°  scans  that  the  instantaneous  wind  and  uncorrected  cur- 
rent vectors  point  in  the  same  direction;  an  angle  of  030°  means  the  uncor- 
rected current  is  30°  to  the  left  of  the  wind;  an  angle  of  320°  means  the 
uncorrected  current  is  U0°  to  the  right  of  the  wind. 


IFOEHDS  FDR  FIGURES 


Fig.  1.  Tracks  of  the  various  buoys  around  Bermuda.  Contours  of  the  100 
and  1000  fathom  lines  are  drawn  in  about  the  island.  The  tracks  of  dif- 
ferent buoys  are  shown  by  different  qualities  of  line.  The  Renan  numer- 
als indicate  the  month  and  the  numbers  Innediately  following  them  the  day. 
Tracks  ending  in  shallow  water  show  buoys  that  came  ashore.  Tracks  point- 
ing off  the  chart  indicate  buoys  which  drifted  out  of  radio-direction- 
finding  range  but  which  were  still  able  to  telemeter  data  properly. 

Fig.  2.  Schematic  sketch  of  the  buoy  showing  the  radio  mast  and  meteorologi- 
cal instruments  above  water,  the  current  rotor  and  the  deep  drag  each 
attached  to  ends  of  the  outrigger  arms. 


Fig.  3.  Detailed  sketch  of  the  construction  of  the  rotor. 

Fig.  U.  Sample  bathythermograph  soundings  showing  the  mixed  water  conditions 
prevailing  through  most  of  the  period  of  measurement. 

Fig.  5.  Sample  daily  records  of  wind  and  current  showing  the  response  of 
the  current  to  a strong  wind  and  the  aftereffects  following  it. 

Fig.  6.  Logarithmic  graph  of  mean  wind  against  mean  surface  current  for 
days  with  steady  wind.  The  solid  line  has  slops  of  1.0s  the  dashed  line, 
slope  of  1.5. 


. **  - • •.  ’ mu»;4 


DISTRIBUTION  LIST 
Contract  Nonr-769(00)  (NR-083-06?) 


Addressee 

Commanding  Officer 
Air  Force  Cambridge  Research  Center 
230  Albany  Street 
Cambridge  35,  Massachusetts 
Attn:  CRHSL 


Allan  Hancock  Foundation 
University  of  Southern  California 
Los  Angeles  7,  California 


Arud  Services  Technical  Information  Center 
Documents  Service  Center 
Knott  Building 
Dayton  2,  Ohio 


Assistant  Naval  Attache  for  Research 

American  Bnbassy 

Navy  Number  100 

Fleet  Post  Office 

New  York,  New  Toxic 


Assistant  Secretary  of  Defense  for 
Research  & Development 
Pentagon  Building 
Washington  2 D.  C. 

Attn:  Committee  on  Geophysics  and 

Geography 


Head 

Department  of  Oceanography 
Brown  University 
Providence,  Rhode  Island 


Director 

Chesapeake  Bay  Institute 
Box  1*26 A 
R.F.D.  #2 

Annapolis,  Maryland 


i 

% 

| 

i 

I 

i 

i 


***** 


- 3 - 


DISTRrflUTION  LIST  (coat..) 

Copies  Addressee 

1 Director 

Laraont  Geological  Observatory 
Torrey  Cliff 
Palisades,  New  York 


1 Director 

Narragansett  Marine  Laboratory 
Kingston,  Rhode  Island 


1 National  Research  Council 

2101  Constitution  Avenue 
Washington  25",  D.  C. 

Attn:  Committee  on  Undersea  Warfare 


1 Conmanding  Of  fH  ner 

Naval  Ordnance  Laboratory 
White  Oak 

Silver  Spring  19,  Maryland 


6 


< 


Director 

Naval  Research  Laboratory 
Washington  2$,  D.  C. 

Attn:  Technical  Information  Officer 


Office  of  Xz*  vZlL  Research  Branch  Office 
1030  East  Green  Street 
Pasadena  1,  California 


Office  of  Naval  Research  Branch  Office 

1000  Geary  Street 

San  Francisco  9,  California 


Office  of  Naval  Research  Branch  Office 
Tenth  Floor.  John  Crerar  Library  Bldg* 
86  East.  Randolph  Street 
Chicago,  Illinois 


Office  of  Naval  Research  Branch  Office 
150  Causeway  Street 
Boston  la,  Massachusetts 


-ftf  * r.  .'A.  • ** 


. * 


{ 

' ‘ MM*)  J 


- u - 


DISTRIBUTION  LIST  (cont.l 


Copies 


Addressee 


Office  of  Naval  Research  Branch  Office 

3I46  Broadway- 

New  York  13,  New  York 


Officer-in-Charge 

Office  of  Naval  Research  London  Branch 
Office 

Navy  Number  100 
Fleet  Post  Office 
New  York,  New  York 


Office  of  Technical  Services 
Department  of  Commerce 
Washington  25,  D.  C. 


Dr.  Willard  J.  Pierson 
New  York  University 
New  York  53,  Sew  York 


Department  of  Zoology 
Rutgers  University 
New  Brunswick,  New  Jersey 
Attn:  Dr.  H.  H.  Haskin 


Director 

Scripps  Institution  of  Oceanography 
La  Jolla,  California 


Head 

Department  of  Oceanography 

Texas  A It  M 

College  Station,  Texas 


Department  of  Engineering 
University  of  California 
Berkeley,  California 


Director 

Hawaii  Karine  Laboratory 
University  of  Hawaii 
Honolulu,  T.  H. 


fit.***  « • * • 


**V 


, a.  ,,  a **%.» 


Copies 

1 


- 5 - 

DISTRIBUTION  LIST  (cont.) 
Addressee 

Director 

Marine  Laboratory 
University  of  Miami 
Coral  Gables  3h,  Florida 


Head 

Department  of  Oceanography 
University  of  Washington 
Seattle  5,  Washington 


U.  S.  Army  Beach  Erosion  Board 
5201  Little  Falls  Road,  N.  W. 
Washington  16,  D.  C, 


Director 

U.  S,  Coast  and  C-ecdotic  Survey 
Department  of  Commerce 
Washington  25,  D.  C. 


Commandant  (OFU) 

U.  S.  Coast  Guard 
Washington  25,  D.  C. 


1 U.  S.  Fish  and  Wildlife  Service 

U50  B Jordan  Hall 
Stanford  University 
Stanford,  California 


1 U.  S.  Fish  and  Wildlife  SerTice 

Fort  Crockett 
Galveston,  Texas 


1 U.  S.  Pish  and  Wildlife  Service 

t.  0.  Box  38.30 

Honolulu.  V.  M. 


1 U.  S.  Fish  and  Wildlife  Service 

Woods  Hole 
Massachusetts 


—“T  ‘"JfjjM  “ "~n  \-mt  UTii  T rr  ' 1 UMWswjacai  ■■jMKjnsrs; 


• ‘ U.*..  «■ 


H 


7.  . 


- 6 - 


DISTRIBUTION  LIST  (cont  ' 


CodIss 


Addressee 


U.  S.  fish  and  Wildlife  Service 
Department  of  the  Interior 
Washington  2 5,  D.  0. 

Attn:  Dr.  L.  A.  WalSbrd 


Project  Arowa 

IT.  S.  Naval  Air  Station,  Bldg.  R-U8 
Norfolk,  Virginia 


Department  of  Aerology 

0.  S.  Naval  Post  Graduate  School 

Monterey,  California 


Director 

U.  S.  Navy  Electronics  Laboratory 
San  Diego  $2,  California 
Attn:  Code  55>0 

Code  $$2 


Hydrographer 

U.  S.  Navy  Hydrographic  Office 
Washington  25,  D.  C. 

Attn:  Division  of  Oceanography 


Bingham  Oceanographic  Foundation 

Tale  University 

New  Haven,  Connecticut 


